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Abstract 
The energy consumption and fault diagnosis are very important on reducing energy consumption and improving the efficiency of 
energy utilization of AC (Air Conditioning) systems. Nowadays, for many reasons almost all the existing AC systems are in 
morbid operation, they all have little or large deviation from the optimal operation pattern. In this paper, a practical diagnostic 
approach of energy consumption and systematic fault of AC systems has been studied and presented. This approach is based on 
the comparison between theoretical hourly values and actual hourly values of each testing node, and can be used as a guidance of 
reasonable design, optimal operation and efficient maintenance of AC systems for improving the synthetic characteristics. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Nowadays, for many reasons, almost all the existing AC systems are in morbid operation, they all have little or 
large deviation from the optimal operation pattern. Extra amount of energy consumption beyond the “basic amount 
of energy consumption” (necessary and minimized energy consumption appropriately according to the need of AC 
users) may be caused. There are many reasons for this situation. First, AC systems should be designed and operated 
correspondingly according to the hourly building cooling load, but most of the AC systems are designed and 
operated based on the maximum hourly building cooling load. Lack of control characteristics and no optimal control 
scheme available for most AC systems is the vital reason for causing the systematic deviation from the optimal 
operation pattern and extra amount of energy consumption. Furthermore, with the long time operation, for many 
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reasons, systematic faults may occur within the system. In this situation, energy efficiency of the system may get 
even worse [1]. So, presenting optimal operation schemes and systematic fault diagnostic approaches and upgrading 
the control characteristics of AC systems are very important for reasonable design, optimal operation and efficient 
maintenance of AC systems for improving the synthetic characteristics. 
Energy consumption and fault diagnosis of AC systems is one of the necessary approaches to manage the 
complexity of today’s HVAC system. Up till now, many studies on this aspect have been done. Among these works, 
software simulation tools have played an important role. 
The main simulation software of AC systems is EnergyPlus, which basically adopt the method of LSPE (load, 
system, plant, economic) to calculate. It calculates the load of the building in one year, and then calculates the 
energy consumption of the equipment of the AC system, finally gets the energy consumption of the whole AC 
system. So this kind of software is suitable for systematical energy consumption analysis. Based on EnergyPlus 
simulation, combining with some corresponding theoretical calculation, optimal values of testing nodes (flow rate, 
temperature, pressure, etc.) of AC systems can be obtained according to flow and energy balance [2]. 
In order to well demonstrate the simulation and calculating value of each testing node and the operational state of 
the AC system, SCADA (Supervisory Control and Data Acquisition) system is employed in this paper for system 
control analysis and controller design. 
 
Nomenclature 
Q the air volume flow rate of the AHU (Air Handling Unit)( m3/s)  
CL  the cooling load of the building (W) 
ρ the air density (kg/m3) 
Cp                the specific heat at constant pressure of air (J/(kggć)) 
T'         the temperature difference of supply air (ć) 
2. Methods  
Most of the air conditioning systems are in the state of static design, morbid operation, weak maintenance and 
management. And all these problems lead to the increase of the energy consumption. So, large amount of improving 
works needs us to accomplish, and the first step and the basis of these works is the AC diagnosis. AC diagnosis is 
recognized as an important process needed for design, construction, operation and maintenance of air conditioning 
systems. In this process, the first and key step is to diagnose and verify the status of the system operational 
performance (actual mode), to get the enough information of systematic deviation from the “optimal mode” (it could 
be). 
For a given AC system, there are varieties of operational schemes, among them, there is a best one, this mode is 
named as “optimal mode”. Due to the improper design and the confinement of the actual characteristics of real 
building energy systems, the operational performance may not only deviate from the ideal operation pattern, but also 
have deviations from the “optimal system operation”, and make the operational characteristics worse, the bigger the 
deviation, the worse the operational characteristics of the systems. Extra amount of energy consumption beyond the 
“basic amount of energy consumption” may be caused in this situation. 
Depending on this idea, the concept of “deviation of systematic index” has been proposed. The systematic 
deviation means the characteristics of a system deviate from the “optimal mode” which can be obtained by 
systematic dynamic simulation, theoretical analysis or experimental research etc.. According to the “deviation of 
systematic index”, a system operation status can be judged by some kind of evaluation system, just like the 
descriptions illustrated in Table 1. 
Table 1. The judgment standard of AC system operation status. 
Deviation of Systematic index (%) System operation status 
δ≤15 In good operation 
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15˘δ≤30 In normal operation 
30˘δ≤50 In morbid operation 
δ≥50 In bad operation 
δ=abs[(Actual node value-optimal node value)/ optimal node value]h100% 
2.1. Case study 
In order to concretely introduce our practical AC diagnostic approach, a model of AC system within a high-grade 
office building located in Shanghai is taken as an example, and all necessary in-situ testing nodes (equipped with 
gauge, meter, sensor, etc.) are stipulated and demonstrated. A simulation platform of AC system is created by 
EnergyPlus and SCADA, see Figure 1. Descriptions of the building are shown in Table 2. 
 
Fig. 1. A pattern of AC system within a model building. 
      Table 2. Descriptions of the building. 
Location Shanghai 
Building type Office Building 
Floor height (m) 6.4 
Cooling area (m2) 1200 
Indoor design temperature(ć) 26 
Cooling schedule 8:00-18:00 
Indoor design relative humidity (%) 50 
Area per person (m2/person ) 8 
Light density (Watts / m2 ) 11 
Equipment density (Watts / m2 ) 13 
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The hourly cooling load within the cooling period (924 h) is simulated by EnergyPlus and demonstrated in Figure 
2. 
 
Fig. 2. Hourly cooling load of the building (kW). 
Statistical distribution percentage of different cooling load level within the cooling period is demonstrated in 
Table 3. 
Table 3. Statistical distribution percentage of different cooling load. 
Cooling load (kW) Hours (h) Percentage˄%˅ 
<15˄0-15˅ 39 4.22% 
30˄15-45˅ 242 26.19% 
60˄45-75˅ 474 51.30% 
90˄75-105˅ 159 17.21% 
120˄105-135˅ 9 0.97% 
>135˄135-  ˅ 1 0.11% 
2.2. Obtain of optimal node values 
Under certain cooling load, system can be operated with different combination of node values, different 
combination of node values may cause different energy consumption of the system. Among them, there is a best 
combination of node values, namely the optimal node values may make the system energy consumption minimized. 
By factors (nodes) election and orthogonal test analysis, optimal node values under certain cooling load can be 
obtained. Ten factors are elected and L27 (313) orthogonal test is employed in this paper. Orthogonal factors , levels 
and test are shown in Table 4 and Table 5. Cooling load is set as 60 (45-75) kW, with other cooling load, analysis 
processes are in the same way. 
A VAV system is employed in this case, under the certain cooling load, different combination of node values may 
cause different air volume flow rate. Eq. (1) is adopted to calculate them. 
TC
CLQ
p' U    (1) 
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Table 4.  Orthogonal factors and levels. 
Factors Level 1 Level 2 Level 3 
Chilled water temperature at the chiller outlet To1 (ć) A 5 6 7 
Chilled water temperature at the chiller inlet Ti1 (ć) B 11 13 15 
Cooling water temperature at the chiller outlet To2 (ć) C 35 37 39 
Cooling water temperature at the chiller inlet Ti2 (ć) D 30 32 34 
Water pressure at the chilled water pump inlet  Pi1(kPa) E 100 140 180 
Water pressure at the chilled water pump outlet  Po1(kPa) F 200 220 240 
Water pressure at the cooling  water pump inlet  Pi2(kPa) G 100 120 140 
Water pressure at the cooling  water pump inlet  Po2(kPa) H 280 300 320 
Supply air temperature at the AHU outlet (ć) I 17 19 21 
Pressure rise of the fan in AHU(Pa) J 800 1000 1200 
Table 5. Orthogonal test. 
N A(ć) B(ć) C(ć) D(ć) E(kPa) F(kPa) G(kPa) H(kPa) I(ć) J(Pa) 
Power 
consumption 
˄kW·h˅ 
Q(m³/s) 
1 5 11 35 30 100 200 100 280 17 800 20.63 409.09 
2 5 11 35 30 140 240 120 300 19 1000 23.93 318.18 
3 5 11 35 30 180 280 140 320 21 1200 26.2 227.27 
4 5 13 37 32 100 200 100 300 19 1000 24.41 318.18 
5 5 13 37 32 140 240 120 320 21 1200 29.89 227.27 
6 5 13 37 32 180 280 140 280 17 800 21.72 409.09 
7 5 15 39 34 100 200 100 320 21 1200 26.02 227.27 
8 5 15 39 34 140 240 120 280 17 800 21.31 409.09 
9 5 15 39 34 180 280 140 300 19 1000 23.91 318.18 
10 6 11 37 34 100 240 140 280 19 1200 27.55 318.18 
11 6 11 37 34 140 280 100 300 21 800 29.69 227.27 
12 6 11 37 34 180 200 120 320 17 1000 26.14 409.09 
13 6 13 39 30 100 240 140 300 21 800 22.59 227.27 
14 6 13 39 30 140 280 100 320 17 1000 21.77 409.09 
15 6 13 39 30 180 200 120 280 19 1200 22.91 318.18 
16 6 15 35 32 100 240 140 320 17 1000 24.75 409.09 
17 6 15 35 32 140 280 100 280 19 1200 28.29 318.18 
18 6 15 35 32 180 200 120 300 21 800 28.11 227.27 
19 7 11 39 32 100 280 120 280 21 1000 26.5 227.27 
20 7 11 39 32 140 200 140 300 17 1200 24.06 409.09 
21 7 11 39 32 180 240 100 320 19 800 21.95 318.18 
22 7 13 35 34 100 280 120 300 17 1200 39.63 409.09 
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23 7 13 35 34 140 200 140 320 19 800 37.41 318.18 
24 7 13 35 34 180 240 100 280 21 1000 48.27 227.27 
25 7 15 37 30 100 280 120 320 19 800 21.59 318.18 
26 7 15 37 30 140 200 140 280 21 1000 24.57 227.27 
27 7 15 37 30 180 240 100 300 17 1200 22.51 409.09 
 
Based on the test data above and corresponding optimal and range analysis, the optimal operation scheme (best 
combination of node values with the minimum energy consumption) can be obtained. 
The optimal operation scheme (with the 10.2 kWЬh hourly power consumption) is: A=5, B=15, C=39, D=30, 
E=100, F=200, G=140, H=320, I=17, J=800.  
The order of factor influence significance is: DėCėAėBėIėJėGėFėEėH. 
2.3. Systematic fault diagnostic work 
The real operational parameters of each testing node are affected by operational mistakes and physical fault of the 
system. Their hourly normal values (could be) can be simulated or calculated (based on the characteristics of the 
building and the AC system, also based on local hourly outdoor meteorological parameters), and their actual hourly 
values can be real-time collected by testing meters in-situ installed. Based on the two kinds of data (normal values 
and actual values) obtained by different manner, comparison and evaluation of systematic operational characteristics 
can be done [2].  Table 6 is the list of testing nodes. 
Table 6. List of testing nodes. 
Testing Nodes Normal Value Actual Value Deviation δ˄%˅ 
Chilled water temperature at the chiller outlet To1 (ć) , A T*o1  To1  (To1-T*o1)/ T*o1  
Chilled water temperature at the chiller inlet Ti1 (ć) , B T*i1   Ti1  (Ti1- T*i1)/ T*i1  
Cooling water temperature at the chiller outlet To2 (ć) , C T*o2  To2  (To2- To2) / T*o2  
Cooling water temperature at the chiller inlet Ti2 (ć) , D T*i2  Ti2  (Ti2- T*i2)/ T*i2  
Water pressure at the chilled water pump inlet  Pi1(kPa) , E P*i1  Pi1  (Pi1- P*i1)/ P*i1  
Water pressure at the chilled water pump outlet  Po1(kPa) , F P*o1  Po1  (Po1- P*o1)/ P*o1  
Water pressure at the cooling  water pump inlet  Pi2 (kPa) , G P*i2  Pi2  (Pi2- P*i2)/ P*i2  
Water pressure at the cooling  water pump inlet  Po2 (kPa) , H P*o2  Po2  (Po2- P*o2)/ P*o2  
Supply air temperature at  the fan outlet Tf2 (ć) , I T*f2  Tf2  (Tf2- T*f2)/ T*f2  
Pressure rise of the fan in AHU (Pa) , J P*f1  Pf1  (Pf1-P*f1)/ P*f1  
Power of the fan in cooling tower W1 (kW) W*1  W1  (W1-W*1)/ W*1  
Power of the fan in  AHU W2(kW) W*2  W2  (W2-W*2)/ W*2  
Power of the compressor W3 (kW) W*3  W3  (W3-W*3)/ W*3  
Power of chilled water pump W4 (kW) W*4  W4  (W4-W*4)/ W*4  
Power of cooling water pump W5 (kW) W*5  W5  (W5-W*5)/ W*5  
In real systematic fault diagnostic and evaluation work, the less the δ, the better the operational characteristics of 
the system; the larger the δ, the worse the operational characteristics of the system. 
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3. Results  
Simulation software EnergyPlus and orthogonal test are effective and powerful tools for systematic analysis of 
AC systems. Optimal operation schemes, orders of factor influence significance, affecting tendencies of energy 
consumption by each affecting factor, etc. can be obtained from these tools. 
Affecting tendencies of energy consumption by each main affecting factor under different building cooling load 
are obtained and illustrated in Figure 3 and Figure 4. 
 

Fig. 3. Power consumption affected by each main factor with the 60kW of building cooling load. 

Fig. 4. Power consumption affected by each main factor with the 90kW of building cooling load. 
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Under the 90 kW building cooling load, the optimal operation scheme (with the 19.35 kWЬh hourly power 
consumption) is˖A=5, B=15, C=39, D=30, E=140, F=200, G=140, H=300, I=19, J=800. 
The order of factor influence significance is˖DėCėBėAėJėGėIėFėHėE. 
4. Discussion 
All necessary data of each systematic node (normal values and actual values) should be obtained (by calculation, 
simulation, on-line testing, etc.) according to the framework and the descriptions of Table 6. All on-line tested data 
can be transferred to the central supervisor monitor (feedback) by the communication wire. 
After the data table has been fully fulfilled, comparison work (between normal values and actual values) can be 
done, and the systematic deviation index can be obtained. The less the deviation, the better the operation and 
maintenance of the system. If the parameter deviation is unexpected large, morbid operation or faults occurring 
within the AC system can be recognized. 
In this situation, the negative result is the large extra amount of energy consumption (the sum of the value of W1, 
W2, W3, W4 and W5 shows the real energy consumption of the system) beyond the “basic amount of energy 
consumption” be caused, the larger the deviation, the worse the systematic characteristics. In this case, the reasons 
that causing this morbid situation should be analyzed, and the improving scheme for optimal system operation and 
maintenance should be proposed. 
5. Conclusion 
Diagnosis of systematic fault of AC systems is one of the necessary approaches to keep an AC system in 
reasonable and optimal operation. Most works in this field are partial and unpractical to real manipulations. Practical 
diagnostic approaches of systematic fault of AC systems with all the valuable real testing, theoretical and simulative 
works are noteworthy and necessary. Our work is an endeavor and primary step for this attempt. 
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